Abstract The insulin receptor substrate proteins IRS1 and IRS2 are key targets of the insulin receptor tyrosine kinase and are required for hormonal control of metabolism. Tissues from insulin-resistant and diabetic humans exhibit defects in IRS-dependent signalling, implicating their dysregulation in the initiation and progression of metabolic disease. However, IRS1 and IRS2 are regulated through a complex mechanism involving phosphorylation of >50 serine/threonine residues (S/T) within their long, unstructured tail regions. In cultured cells, insulinstimulated kinases (including atypical PKC, AKT, SIK2, mTOR, S6K1, ERK1/2 and ROCK1) mediate feedback (autologous) S/T phosphorylation of IRS, with both positive and negative effects on insulin sensitivity. Additionally, insulin-independent (heterologous) kinases can phosphorylate IRS1/2 under basal conditions (AMPK, GSK3) or in response to sympathetic activation and lipid/inflammatory mediators, which are present at elevated levels in metabolic disease (GRK2, novel and conventional PKCs, JNK, IKKβ, mPLK). An emerging view is that the positive/negative regulation of IRS by autologous pathways is subverted/co-opted in disease by increased basal and other temporally inappropriate S/T phosphorylation. Compensatory hyperinsulinaemia may contribute strongly to this dysregulation. Here, we examine the links between altered patterns of IRS S/T phosphorylation and the emergence of insulin resistance and diabetes.
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Introduction
Insulin resistance, defined as reduced responsiveness of tissues to normal insulin concentrations, is a principal feature of type 2 diabetes, which leads to compensatory hyperinsulinaemia [1] . It also underlies risk factors-including hyperglycaemia, dyslipidaemia and hypertension-for the clustering of type 2 diabetes with cardiovascular disease, non-alcoholic fatty liver disease and related maladies (metabolic syndrome) [2] . Although numerous genetic and physiological factors interact to produce and aggravate insulin resistance, human studies implicate dysregulated signalling by the insulin receptor substrate proteins IRS1 and IRS2 (hereafter referred to as 'IRS') as a common underlying mechanism [3, 4] . Cell-based studies demonstrate the impairment of insulin signalling by phosphorylation of IRS on serine and threonine residues (S/T), which might contribute to insulin resistance in metabolic disease. Here, we review the links between IRS S/T phosphorylation and the emergence of insulin resistance, as well as its exacerbation by dyslipidaemia and inflammation in diabetes/obesity. In contrast to prior reviews [5, 6] , we emphasise the role of insulin-regulated IRS S/T phosphorylation. We also consider newer studies on transgenic and knock-in mice engineered to have altered IRS1 S/T phosphorylation.
Overview of IRS-dependent signalling pathways
The binding of insulin to the insulin receptor (IR), and in muscle tissues to hybrid insulin/IGF1 receptors (IR/IGF1R) [7] , promotes the autophosphorylation of a trio of regulatory loop tyrosine residues, disinhibiting IR tyrosine kinase activity toward IRS [8] . Although IR phosphorylates numerous other proteins [9] , work with knockout mice has revealed that many insulin responses, including the regulation of carbohydrate and lipid metabolism, require IRS1 and IRS2 [10] . Co-disruption of the mouse Irs1 and Irs2 genes largely phenocopies the deletions of Insr (which encodes IR) or Insr plus Igf1r genes in liver or muscle, respectively [11] [12] [13] [14] [15] . The co-deletion of Irs1 and Irs2 from adipose tissue has not been reported, but mice lacking Insr expression in adipose tissue, or Irs1 and Irs2 expression in all tissues, exhibit abnormal or severely compromised adipocyte differentiation [16, 17] . Thus, the contribution of IRS-independent pathways to insulin control of metabolism is minimal in comparison with signalling mediated by IRS. Tyrosine phosphorylation of IRS by IR generates binding sites for Src homology 2 (SH2) domain proteins, including the regulatory subunits of class 1A phosphatidylinositol 3-kinase (PI3K), the RAS guanine nucleotide exchange factor complex known as growth factor receptor-bound protein 2/son of sevenless (GRB2/SOS), and SH2 domaincontaining protein tyrosine phosphatase-2 (SHP2) (Fig. 1a ) [18] . The binding of other SH2 proteins to IRS has been reported but is less well investigated. Recruitment of dimeric PI3K (p85•p110) to IRS produces membrane phosphatidylinositol 3,4,5-trisphosphate (PIP3), which recruits the S/T kinase AKT [19] . In turn, 3-phosphoinositide-dependent kinase (PDK1) activates AKT and related kinases via the phosphorylation of activation loop residues, including T308 of AKT and analogous sites within the calcium-and diacylglycerol-independent atypical protein kinase C isoforms (aPKCs) λ/ι and ζ [20] .
AKT T308 phosphorylation is undetectable in mouse tissues lacking IRS [11, 14] . In contrast, 'priming' phosphorylation of AKT at S473-by mammalian target of rapamycin (mTOR) complex 2 (mTORC2) [21] (Fig. 1b) -is retained, making this phosphorylation a poor indicator of IRS→PI3K signalling. AKT orchestrates the transition to the fed state in multiple tissues via inhibitory phosphorylation of key regulatory proteins (Fig. 1a) [8] ; Akt2, but not Akt1, gene deletion in mice causes a diabetes-like phenotype [22] . Though AKT signalling is pleiotropic, combined defects in AKT-and aPKC-promoted muscle glucose uptake might be key in the initiation of metabolic disease [23] . Indeed, the loss of even one copy of the gene encoding PKCλ/ι in mouse muscle gives rise to a complete metabolic syndrome-like phenotype, including insulin resistance, hyperinsulinaemia, hepatosteatosis and dyslipidaemia [24] .
Compared with PI3K, the effects of GRB2/SOS or SHP2 binding to IRS are less well understood. Insulin stimulation of the RAS→mitogen-activated protein kinase (MAPK) cascade depends partly on other substrates of the IR, such as SHC, yet activation of the MAPKs extracellular signalregulated kinase-1 and -2 (ERK1/2) is impaired in IRSdeficient mouse liver [11] . Direct interaction of the tyrosine phosphatase SHP2 with IRS is difficult to observe in tissues, but liver-specific deletion of the mouse SHP2-encoding gene (Ptpn11) gives rise to increased IRS tyrosine phosphorylation, PI3K binding, and improved sensitivity to injected insulin [25] . However, Ptpn11 knockout liver also shows dramatically reduced hepatic ERK1/2 activation by insulin. Collectively, these data provide evidence that (1) IRS-dependent activation of PI3K is critical for insulin regulation of metabolism; (2) this may be negatively regulated by SHP2 in some tissues; and (3) IRS-dependent MAPK activation is less critical for metabolic control.
Structure/function of IRS: relationship to S/T phosphorylation
In contrast to tyrosine phosphorylation, the multi-site S/T phosphorylation of IRS both positively and negatively regulates insulin signalling. A number of different mechanisms appear to be involved, affecting tyrosine dephosphorylation of IRS, their dissociation from IR, intracellular localisation and eventual degradation. Though complicated by a large number of phosphorylated S/T, these are increasingly understandable in terms of structural/regional features within the IRS proteins. In the discussion below, we use the amino acid numbering of the mouse IRS proteins, except when discussing primary human data, in which case the corresponding mouse S/T (mS/T) follows in parentheses. In some instances, both the mouse and human S/T (hS/T) are provided for clarity. Figure 3 shows the cognate mouse and human S/T for most sites discussed.
IRS1 and IRS2 are large proteins (>1,200 amino acid residues [a.a.]) that contain highly similar amino-terminal pleckstrin homology (PH) and phosphotyrosine-binding (PTB) domains (~100 a.a. each), followed by long, unstructured carboxyl-terminal tail regions (Fig. 2a) . The PH domain is the principal module that links IRS1 with the activated IR [26] , whereas the PTB domain enhances this interaction via binding to the phospho-NPEY motif within the IR juxtamembrane region [27] . IRS2 alone contains the kinase regulatory loop binding (KRLB) domain, which interacts directly with the catalytic site of IR, but not IGF1R [28] . Unlike their amino termini, the tail regions of IRS1 and IRS2 are poorly conserved, except for the tyrosine residues that bind SH2 proteins (Fig. 2a) . These~1,000 a.a. tails are enriched in S/T residues, including many within canonical kinase phosphorylation motifs (~70 of 230 S/Ts within the IRS1 tail). The tails also include most of the phospho-S/T described to date; however, the IRS1 PH domain can be phosphorylated on S24, altering its membrane-binding properties in cultured cells [29] (Fig. 2b) . Phosphorylation of S24 might be mediated in diabetes by the S/T kinase mouse Pelle-like kinase/interleukin-1 receptor-associated kinase (mPLK/IRAK) [30] , or by canonical-type PKCα [29] .
As the IRS tails are not structured within functional domains, several mechanisms have been proposed by which [174] , which inhibits productive interaction of IRS with a key phosphotyrosine in IR [175] ; (2) inhibition of mTORC2 by S6K1-mediated phosphorylation of rictor [176] ; and (3) transcriptional upregulation, via hypoxia inducible factor 1α (HIF1α), of the phosphatidylinositol phosphatase known as phosphatase and tensin homologue (PTEN) [177] . The mTORC1, but not mTORC2, kinase complex is acutely sensitive to the inhibitor rapamycin their S/T phosphorylation regulates IRS function. Almost all of the available data concern IRS1. Recently, specific phospho-S/T residues on IRS1-discovered via protein MS-have been shown to mitigate its tyrosine dephosphorylation or inhibitory phosphorylation at other S/T residues [31, 32] (see below). Initially, however, potential inhibitory S/Ts on IRS1 were investigated via a candidate approach, with a bias towards those near tyrosines in PI3K-binding (YXXM) motifs, or proximal to the IRS1 PTB domain. For example, the simultaneous mutation to alanine of four S/Ts near IRS1 YXXMs (mS612/632/662/731A; hS616/636/ 666/736A) was shown to increase basal and insulinstimulated IRS1 tyrosine phosphorylation and associated PI3K activity [33] . In another early study, TNFα-an inflammatory cytokine that can cause insulin resistance in healthy human muscle [34, 35] -was shown to stimulate multi-site S/T phosphorylation of IRS1 and IRS2, blocking their interaction with an IR juxtamembrane domain peptide [36] . One result of this pattern of investigation is thatbecause of the availability of phospho-specific antibodies generated in early studies-the phosphorylation of a few IRS1 S/Ts has been interrogated in many different contexts, while the function of many others (particularly on IRS2) has never been addressed (Fig. 2b) .
Role of IRS1 S307 (hS312) and other PTB-proximal S/T residues
The investigation of insulin desensitisation by TNFα bolstered the case for a special role of the PTB-proximal region. TNFα activates pathways involving the S/T kinases inhibitor of nuclear factor ĸB kinase β (IKKβ) and c-Jun Nterminal kinase (JNK) [37] . Treatment of CHO cells with the low-specificity JNK agonist anisomycin was used to identify S307 (hS312) near the IRS1 PTB domain as a major site of phosphorylation [38] . Anisomycin downregulates IRS1 tyrosine phosphorylation in cells, dependent on the presence of both S307 and the IRS1 PTB domain. Although other kinases are activated by anisomycin, JNK1 in CHO [18, 178] . IRS2 uniquely contains the kinase regulatory loop binding (KRLB) 'domain', which modulates interaction IR [28] . (b) S/T phosphorylation of IRS1. Shown above the sequence are 20 phospho-S/T residues (p-S/T) for which the function has been investigated using site-specific methods; these include S→A (alanine) or S→E (glutamic acid) mutation to ablate or mimic phosphorylation, as well as descriptive investigation with phospho-specific antibodies (commercially available antibodies in green). Shown below the sequence are 34 additional conserved phospho-S/T sites identified only by MS of mouse/rat IRS1; different/additional phospho-S/T are known in human IRS1 (hS629 and not shown). The size of the circles is proportional to the number of PubMed references and/or MS datasets per site at the time of writing within the curated database at www.phosphosite.org (accessed 31 December 2011). Four phospho-S/T were added from [58] . The mouse amino acid numbering is used here except as noted. a For the corresponding human phospho-S/T, please see Whether or not the conditions in yeast faithfully represent IR-IRS interaction in mammalian cells, phosphorylation of S307 (hS312) provides the best available 'structure'-based mechanism for understanding the desensitisation of insulin signalling. Indeed, altered S307 phosphorylation is frequently used as evidence of insulin resistance (or its resolution) in mice, despite the influence of insulin on S307 phosphorylation and the probable contribution of other phospho-S/Ts [44] . As the exact spatial determinants affected by S307 phosphorylation remain unknown, it is unclear whether phosphorylation of other PTB-proximal S/Ts engages a similar mechanism; of those investigated to date, most are farther from the PTB domain than S307 (Fig. 2b ), and were not required for anisomycin desensitisation of insulin signalling by IRS1 [38] . Additionally, a number of PTB-proximal S/Ts (including S307 in mice) have a partially permissive or positive role in IRS1 signalling (see below). Other phospho-S/T having inhibitory effects have also been described that lie some distance from either the IRS1 PTB domain or PI3K-binding YXXM motifs (Figs 2b and 3 ). Potentially then, the disruptive effect of S307 phosphorylation might be an assay-or condition-dependent aspect of a more generalised S/T phosphorylation-based mechanism governing IRS signalling [5, 45, 46] .
Degradation of IRS by prolonged insulin/mTORC1 signalling
Importantly, multi-site S/T phosphorylation of IRS in cultured cells correlates with their subcellular re-localisation and/or proteasome-mediated degradation. This can be stimulated by prolonged exposure of cells to insulin, or specific activation of the mTORC1→ribosomal S6 protein kinase (S6K1) branch of the insulin signalling cascade [47] [48] [49] [50] [51] . For example, in 3T3L1 adipocytes, prolonged insulin stimulation causes transit of hyper-S/T-phosphorylated IRS1 from lowdensity membrane (LDM/high speed pellet) to the cytosol, and this can be inhibited by the mTORC1 inhibitor rapamycin [47, 48] . Prior treatment with proteasome inhibitors can block the insulin-induced degradation of IRS1, but not its intracellular transit or the desensitisation of downstream signalling and glucose uptake [48] . Thus, S/T phosphorylation at many sites together converts IRS proteins to an inactive state, separable from their inactivation by degradation; it was further suggested that this 'array phosphorylation' of IRS (particularly within the PTB-proximal regions) is necessary for the desensitisation of insulin signalling by diverse signals [5, 45] . Counter to this idea, the mutation of mS307 to alanine in cultured cells has a rapamycin-like effect, in that it blocks IRS1 disappearance during prolonged insulin stimulation [51, 52] ; however, it is not shown that S307A mutation alone alters IRS1 localisation and/or PI3K signalling in these studies.
It can now be appreciated that feedback S/T phosphorylation of IRS by mTORC1 and/or S6K1 underlies their disappearance during persistent insulin stimulation [49, 50] . Among the IRS1 S/T phosphorylated directly by these kinases in vitro are S302 and S522 (hS307 and hS527) by S6K1 [51] , and S632 (hS636) by mTORC1 [53, 54] . Additional S/T are phosphorylated in vivo by S6K1 (S265 and S1097; hS270, hS1101) [55, 56] or by mTORC1/other kinases (S307 and S612; hS312, hS616) [51] when mTORC1→S6K1 signalling is strongly activated (Fig. 1b) . In cells that lack the tuberous sclerosis complex (TSC) proteins or overexpress their target, Ras homologue enriched in brain (RHEB), phosphorylation of these sites is associated with substantial diminution of the 'active' (LDM) fraction of IRS1 [51] and AKT activity ( Fig. 1b and below); however, in some RHEB-overexpressing cells, IRS1 is degraded without prior trafficking to the cytosol [51] . Presumably, the active IRS1 fraction corresponds to the rare, non-cytoplasmic sites of PI3K localisation in insulin-treated cells [57] ; however, it remains unclear to what degree the active fraction is S/T phosphorylated.
Phospho-S/T patterns governing normal insulin signalling
To expand the repertoire of IRS S/T sites available for study, we and others have employed MS of insulin-or serumstimulated cells or human muscle tissue collected after hyperinsulinaemic-euglycaemic clamp [31, [58] [59] [60] . Though coverage by MS is usually incomplete and variable, the sum of these and other efforts may be approaching saturation, such that the validation of hot/cold-spots of IRS S/T-phosphorylation is now conceivable [5] (Fig. 2b ). For example, little S/T phosphorylation occurs within the PH/ PTB region, or around the PI3K-binding tyrosine residues of IRS1 (mY608, mY628; hY612, hY632)-though this could be an artefact of sequence composition or coverage.
Similarly, there may be relatively little S/T phosphorylation about the GRB2-and PI3K-binding tyrosines (mY891, mY935; hY896, hY941). Interestingly, this region of IRS1 contains the human Gly972Arg polymorphism that in some studies is associated with type 2 diabetes risk [61] and might reduce Y941 or Y989 phosphorylation by disrupting an (unknown) IRS1 secondary structure [62] . MS further reveals post-translational modification of IRS1 by lysine acetylation and serine-linked N-acetylglucosamine (O-GlcNAc) (www.phosphosite.org). The O-GlcNAc modification of serines near the mY935-XXM motif (a.a. 910-1037) or elsewhere can also impair IRS1-PI3K interaction [63, 64] .
Using quantitative MS, Yi et al compared 15 IRS1 phospho-S/Ts in hyperinsulinaemic-euglycaemic clamped human muscle [59] . Phosphorylation of six S/T scattered across the IRS1 tail region-hS312, hS616, hS636, hS891, Fig. 3 Functional effects of IRS1 S/T phosphorylation by insulinregulated and heterologous kinase pathways. Shown are S/T sites and their known/implicated kinase(s) uniquely investigated by mutation in cells or mice, in vitro kinase assay, or discriminatory kinase-activating agents. Positive effects on insulin signalling (green-filled circles)-including temporally separable positive/negative effects (green centre)-are unique to S/T phosphorylation via insulin-regulated kinases.
Effect(s):
In contrast, only negative effects on insulin signalling (red-filled circles) are observed by phosphorylation of IRS1 by heterologous (non-insulin) signalling pathways. In some studies, negative effects of multiple S/T kinases are implied or cannot be ruled out (light red-filled circles): The letters next to a circle indicate that the function is inferred from a rodent (r) or human (h) study. S332/6 and S632/5 phosphorylations are assayed by commercial antibodies to paired phosphorylation sites hS1101 and hS1223 (mS307, mS612, mS632, mS887, mS891, mS1097 and mS1214)-was elevated to between 125% and 300% of unclamped value. Of these, phospho-S312, -S616, -S636 and -S1101 are associated with desensitisation of insulin signalling (above and [56, 65] ), whereas phospho-S1223 has a sensitising effect [31] . In the same samples, four other mostly clustered phospho-S/T-hS348, hT446, hT495 and hS1005 (mS343, mT441, mI490, mS999)-were decreased by 60-90%. This regionally decreased S/T phosphorylation might represent turnover (or dephosphorylation) of some phospho-species during prolonged stimulation. Interestingly, deletion of a.a. 386-430 of (rodent) IRS1 (termed 'DIDI') can block the degradation, but not ubiquitination, of IRS1 in insulin-stimulated cells via a nuclear proteasomal pathway [46] . Potentially, prohibiting 'array' phosphorylation of this S/T-rich region might block IRS1 degradation; mutation of S408 (hS413) alone does not [46] . In contrast with DIDI, a.a. 522-574 of (mouse) IRS1 are required for its ubiquitination and degradation via the cullin 7 E3 ligase [66] . Compatible with regulated ubiquitin/proteasomal processing of IRS1, exposure of HEK293 cells to very high insulin showed that about 50% of total IRS1 could be degraded within 10 min via internal cleavage around hS475 or hS641; however, the necessary factors were not investigated [67] . Together, these disparate observations are suggestive of the paths by which insulinstimulated S/T phosphorylation governs normal signalling and turnover of IRS1. (IRS1 degradation by non-insulin stimuli, via lysosomal and caspase pathways, is briefly reviewed elsewhere [46] .) IRS2 (but not IRS1) protein concentration in mouse liver is decreased during refeeding via a PI3K-dependent mechanism [68] . Reasonably, this could involve mTORC1→S6K1 activity; however, unique mechanisms might terminate IRS2 signalling, as it lacks the DIDI region (or an obvious counterpart to mS307/hS312 of IRS1), and exhibits different cell partitioning than IRS1 in cultured cells [69] .
Making sense of 'positive' and 'negative' S/T sites Importantly, studies in cultured cells demonstrate a positive effect of some IRS1 phospho-S/T on insulin signalling (Fig. 3, green circles) . For example, insulin-stimulated phosphorylation of hS1223 (mS1214) reduces IRS1-SHP2 interaction, sustaining IRS1 tyrosine phosphorylation and PI3K association [31] . Similarly, phosphorylation of hS629 reduces IRS1 phosphorylation at S636 [32] . Thus, feedback S/T phosphorylation of IRS by insulin-stimulated (autologous) pathways can strengthen the output insulin signal by reducing tyrosine dephosphorylation and inhibitory S/T phosphorylation at other sites. Another positively acting mechanism is the still poorly understood priming of insulin signalling by basal or rapid insulin-stimulated S/T phosphorylation. Early phosphorylation of IRS1 at S302 and S318 (hS307, hS323) after insulin treatment enhances insulin signalling and potentiates its later downregulation [70] . There may also be a priming effect of S632 (hS636) phosphorylation by rho-associated coiled-coil containing protein kinase 1 (ROCK1) in mice [71, 72] . These data demonstrate that the temporal pattern of insulin-stimulated S/T phosphorylation can determine whether some S/Ts are 'positive' or 'negative'. Compatible with this, we have shown that, in CHO and 32D cells, glucose-or amino acid-stimulated phosphorylation of mS302 (hS307) in the basal state potentiates the insulin-stimulated tyrosine phosphorylation of IRS1 and downstream signalling [73] . Yet S302 phosphorylation is implicated in the degradation of IRS1 caused by excessive mTORC1→S6K1 activation [51]. Increased basal, or other temporally inappropriate phosphorylation of such 'positive' S/T during hyperinsulinaemia or by cross-talking pathways may underlie their pathogenic conversion to 'negative' sites [6] . Additionally, some S/T (e.g. S24) might be phosphorylated via inflammatory/stress pathways activated specifically in type 2 diabetes (Fig. 3) .
Aetiological framework for consideration of IRS S/T phosphorylation
Prospective studies first identify insulin resistance in human skeletal muscle, which is thought to contribute, via a dysmetabolic process, to the emergence of phenotypic disease [3, 74] . Key to this theory are studies of the non-diabetic offspring of type 2 diabetes patients. Screening of this group for impaired glucose tolerance (IGT) identifies 'pre-diabetic' individuals with variably increased fasting plasma insulin and triacylglycerol (TAG) concentrations, but nearly normal fasting glycaemia. Frequent sampling of postprandial blood in these individuals-in combination with more sophisticated tracer/ imaging techniques to monitor metabolism-reveals the redirection of dietary carbohydrate away from glycogen synthesis in muscle and toward the insulin-driven synthesis of TAG in the liver [75, 76] . Related studies show that decreased muscle glucose transport via the GLUT4 path underlies this alteration [74, 77] . Importantly, in early disease, compensatory insulin hypersecretion controls glycaemia, whilst further promoting hepatic TAG synthesis and dyslipidaemia [78] . In the longer term, increased delivery of NEFA/TAG to non-adipose tissues contributes to the activation of lipid-dependent and inflammatory signals that further aggravate insulin resistance [74, 79] . Thus, early muscle insulin resistance provides a unifying basis for emergent features of the metabolic syndrome. Direct observations of human muscle do not support diminished IRS protein concentration as a primary cause of insulin resistance, though most studies have not examined IRS2 ( [80, 81] , and reviewed in [4] ). Biopsies of muscle from non-diabetic relatives of type 2 diabetic patients taken during or after hyperinsulinaemic clamp show normal IR autophosphorylation but diminished total (or fold vs unclamped) IRS1 phosphotyrosine and associated PI3K activity [80, 81] . In contrast, insulin-stimulated AKT phosphorylation (S473) in these and other studies is not significantly reduced. However, few studies of human muscle have specifically examined the activity of AKT2 [82] . Additionally, AKT S473 phosphorylation may not fully reflect upstream IRS→PI3K signalling, as non-diabetic but glucose-intolerant individuals can show significantly impaired muscle aPKC activation [83] . aPKC signalling (and/or other steps in the muscle GLUT4 path) might be more sensitive to dysregulation than AKT, as one study found no difference vs control individuals in phosphorylation of AKT (S473) or AKT substrate of 160 kDa (AS160), despite the presence of impaired glucose disposal [84] . Regardless, defective muscle IRS1→PI3K→AKT signalling in lean normoglycaemic offspring of type 2 diabetics has been correlated with increased basal S/T phosphorylation of IRS1-including at mTORC1 sites S312 and S636 (mS307, mS632), and S616 (mS612) [85] . Thus, dysregulated S/T phosphorylation of IRS might contribute to impaired aPCK/AKT activation and glucose disposal in the pre-diabetic period.
Skeletal muscle samples/cultures from type 2 diabetic individuals exhibit defects in IRS/PI3K→aPKC signalling similar to those seen in 'pre-diabetes', but with more obvious diminishment of AKT phosphorylation [86, 87] (reviewed in [82] ). In contrast with AKT, basal or insulin-stimulated ERK1/2 activation in diabetic muscle is unchanged or increased in several studies, compatible with its partial independence from IR/IRS [82, 86] . The activation/levels of two other IRS kinases, ROCK1 and G protein-coupled receptor kinase 2 (GRK2), is mechanistically independent of IRS [20] but is clearly influenced by insulin and altered in type 2 diabetes [88] [89] [90] . Increased basal phosphorylation of a few IRS S/T-S312 [87] , S323 [60] , and S636 [91] (mS307, mS318, mS632)-has been described in muscle of type 2 diabetic individuals, whereas basal and stimulated phosphorylation of S330 (mS325) is specifically decreased in muscle of obese insulin-resistant individuals [60] . Insulin additionally fails to normally stimulate the increase, in diabetic muscle, of phospho-S531 and phospho-S1142 (or decrease in phospho-S1100) (mS526, mS1136, mS994) seen in lean control muscle [60] . Further quantitative studies are necessary; however, the available data from human muscle are compatible with a model of temporally perturbed IRS S/T phosphorylation in metabolic disease.
(Dys-)regulation of IRS by insulin-regulated S/T kinases Given their co-incidence and propensity to aggravate one another, it cannot be stated whether hyperinsulinaemia or dyslipidaemia (or still other factors) underlie increased IRS S/T phosphorylation in the pre-diabetic period [85] . However, as insulin is clearly a relevant stimulus for IRS S/T phosphorylation in healthy muscle (e.g. [59] ), we emphasise that this regulatory function might be subverted/co-opted by diabetogenic factors-not excluding hyperinsulinaemia itself. For example, increased basal (or disordered) S/T phosphorylation owing to hyperinsulinaemia might be enough to temporally advance a step-wise signalling process. Alternatively, escape from feedback inhibition by partially insulinindependent pathways/kinases (mTORC1→S6K1 or ERK1/2) might contribute to nutrient and/or hyperinsulinaemia-driven signal termination. Below, we review the effects of specific insulin-regulated S/T kinases on IRS function. The affected S/T residues within IRS1 are outlined in Fig. 3 . As far less is currently known about IRS2 S/T phosphorylation, we refer the reader to other, limited sources [5, 92] .
Atypical PKC (PKCλ/ι, PKCζ) In mice, the major aPKC isoform in skeletal muscle is PKCλ, whereas in cultured cells and rat muscle PKCζ may predominate; however, the two are highly similar and thought to have interchangeable activity [23] . (In human muscle, the PKCι orthologue of PKCλ appears to predominate [93] .) Activation of aPKCs by ceramide can contribute to insulin resistance in mice, though this appears to be due mostly to effects on AKT (reviewed in [94] ). In contrast, in Fao or NIH3T3 cells stably expressing IR, overexpression of PKCζ enhances the dissociation from IR and decrease in IRS1 tyrosine phosphorylation caused by prolonged insulin stimulation [95, 96] . An in vitro kinase assay identifies S318 (hS323) on IRS1 as a major site of PKCζ phosphorylation, and negative effects of PKCζ during prolonged insulin stimulation are abrogated by mutation of S318 to alanine (S318A) [97] . However, PKCζ can phosphorylate IRS1 in vitro on S498, S570 and S612 (hS503, hS574, hS616), with phospho-S570 having an adverse effect on PI3K binding [98] . In C2C12 myotubes or mouse skeletal muscle, S318 (hS323) can additionally be phosphorylated upon treatment with IL6 or leptin by the novel PKC (nPKC) isoform PKCδ [99, 100] . These results highlight the tendency for insulindependent and heterologous kinase pathways to promote phosphorylation of IRS on many of the same regulatory S/T.
Phosphorylation of mS318/hS323 provides a temporal model for understanding pathway cross-talk. Though S318A mutation aids retention of IRS1 tyrosine phosphorylation during prolonged stimulation, it impairs acute AKT S473 phosphorylation in skeletal muscle cells [101] . Conversely, phosphomimetic mutation of S318 to glutamate (S318E) enhances early signalling [70] . Treatment of C2C12 cells with inhibitors implicates JNK and mTORC1 as additional insulin-stimulated S318 kinases [102] , demonstrating that multiple pathways may converge on unique S/T to programme the output signal. However, time-resolved studies show that the positive (acute) function of S318 results from its phosphorylation by PKCζ-dependent, to some degree, on S302 (hS307) phosphorylation-whereas its later, negative function results from phosphorylation by mTORC1 [70] . Thus, phosphorylation of S318 is not itself inhibitory, but is necessary to potentiate longer term downregulation of signalling. PKCδ phosphorylation of S318/ hS323 and other residues may co-opt this chronic function to desensitise insulin signalling [99, 100, 103] . Given the impairment of aPKC activity in diabetes [82, 83] , the recent observation of increased basal hS323 phosphorylation in muscle of type 2 diabetic individuals [60] could represent cross-talk by nPKCs or other kinase(s).
AKT In contrast to PKCλ, overexpression of membranelocalised AKT (in CHO-T cells) promotes retention of IRS1 tyrosine phosphorylation during prolonged insulin stimulation (after 1 h), with no effect on its acute phosphorylation (after 2 min) [104] . Collective mutation of four serine residues accounting for much of the in vitro phosphorylation of IRS1 by AKT (mS265/S302/S325/S358A; hS270/S307/S330/S363A) eliminates this positive effect. AKT may also phosphorylate S267 (hS272) in TNFα-treated cells [105] . As revealed by mutation, AKT-dependent phosphorylation of S629 in human IRS1 aids IRS1 tyrosine phosphorylation and p85 binding [32] ; however, S629 is an asparagine residue in rodent IRS1 (mN625). The positive effect of phospho-hS629 is associated with decreased phosphorylation of S636 (mS632), a site on IRS1 thought to mediate negative feedback by mTORC1 and ERK1/2 kinases [53, 54, 91] . Quantitative MS on muscle from lean, obese and type 2 diabetic humans does not identify differences in S629 phosphorylation [60] . In contrast to hS629, phosphorylation of mS522/hS527 by AKT is inhibitory. We have shown that insulin-stimulated S522 phosphorylation-which is inhibited by small interfering RNA against AKT-impairs IRS1 tyrosine phosphorylation and PI3K binding in HEK293 cells [58] . Compatible with phosphorylation of hS527 by AKT, phospho-S527 is significantly stimulated during hyperinsulinaemic clamp in muscle of healthy humans [60] . Any regulatory effects of AKT-mediated IRS phosphorylation are obscured in knockout mice by the necessity of AKT2 for downstream signalling [22] ; however, less complete impairment of AKT activity, such as that observed in diabetic muscle, might have a partial homeostatic effect, by reducing inhibitory feedback via downstream mTORC1→S6K1 signalling. mTORC1 and S6K1 The mTORC1 and S6K1 kinases directly phosphorylate unique sites on IRS1 and other proteins (Fig. 1b) ; S6K2 can also phosphorylate IRS1 in vitro, but does not compensate for loss of S6K1 in knockout mice [51, 106] . Mice lacking mTOR or raptor in muscle, or S6K1 in all tissues, highlight the role of mTORC1→S6K signalling in the growth and maintenance of skeletal muscle (reviewed in [107] ). IRS-deficient muscles also undergo atrophy, with impaired phosphorylation of S6K and its substrate, ribosomal S6 protein [14] . Nonetheless, mTORC1/S6K can be stimulated by nutrients independently of IRS [107] -most clearly by branched-chain amino acids (BCAA) such as leucine [108] . Thus, though AKT signalling to mTORC1 is diminished in diabetes, the over-supply of nutrients in obesity is hypothesised to promote mTORC1/S6K phosphorylation of IRS and other targets, aggravating insulin resistance (reviewed in [109, 110] ). Increased plasma BCAA levels in obese, insulinresistant persons have long been regarded as part of an insulinresistant metabolic 'signature' [110, 111] , but supplementation of rodent diets with mixed BCAA or leucine has not clarified that this is diabetogenic [111, 112] . In contrast, infusion of complex amino acid mixtures (AA) into humans with clamped hyperinsulinaemia (to repress gluconeogenesis from amino acid precursors) decreases the rate of glucose disposal by about a third, with post-clamp muscle biopsies showing decreased IRS1 tyrosine phosphorylation and increased phosphorylation on S312 and S636 (mS307, mS632) [113] . Similar human studies demonstrate the involvement of mTORC1 in these effects [114] , as well as the stimulation by AA of IRS1 S1101 (mS1097) phosphorylation in muscle, likely by S6K1 [56] .
Rodents fed a high-fat diet to cause obesity and insulin resistance show increased basal mTORC1→S6K activation in metabolic tissues, with pronounced phosphorylation of IRS1 at S632 and/or S302 (hS636, hS307) [106, 115] . Adipose tissues of genetically obese (ob/ob) mice exhibit increased phosphorylation of S265 (hS270), S302 (hS307), S307 (hS312), S632 (hS636), and S1097 (hS1101) on IRS1-which (except for mS307/hS312) can be phosphorylated by S6K1 in vitro [51, 55] . Deletion of the gene encoding S6K1 protects mice against high-fat-diet-induced insulin resistance, while reducing phosphorylation of IRS1 S302 and S632 in adipose (and S1097 [hS1101] in liver) to levels seen in chowfed mice [56, 106] . However, mS302 (hS307) phosphorylation in cultured cells potentiates, rather than inhibits, downstream insulin signalling by IRS1 [73] . mTORC1 binds within a.a. 250-584 of rodent IRS1 in a nutrient-stimulated and AKT-independent fashion to phosphorylate S632 (hS636), but neither S302 nor S307 (hS307, hS312) phosphorylation are required for this to occur [54] . Thus, mTORC1 and S6K appear to independently target IRS1, despite the decreased S632 (h636) phosphorylation seen in mice lacking S6K1.
Interestingly, insulin-stimulated phosphorylation of S307 (mS302) in human primary adipocytes correlates with donor insulin sensitivity [116] and is decreased in adipocytes of humans with type 2 diabetes [117] . Though this could be due to lower AKT activity (i.e. upstream insulin resistance), the implication is that mTORC1 activity is reduced in insulin-resistant human adipocytes in vivo [116] . Whether nutrients per se drive mTORC1/S6K-mediated phosphorylation of IRS1 in obesity is also somewhat unclear. Hyperinsulinaemia might contribute, as phosphorylation of S636 (mS632) is elevated in muscle of lean insulin-resistant humans [85] . Additionally, mTORC1→S6K signalling can be activated by TNFα (levels of which are increased in obesity) via IKKβ-dependent phosphorylation of TSC1 [118] . Notably, in mouse embryonic fibroblasts, IKKβ is required for TNFα-stimulated phosphorylation of IRS1 S265; mutation of this residue in HEK293 cells (hS270) reduces TNFα stimulation of IRS1-S6K interaction and other IRS1 phospho-S/T elevated in adipose tissue from ob/ob mice [55] .
ERK1/2
The partial IRS-independence of insulin-stimulated ERK1/2 activation makes these kinases candidates to mediate chronic IRS S/T phosphorylation in metabolic disease. For example, insulin-stimulated activation of ERK1/2 is normal in obese and type 2 diabetic individuals, whereas PI3K activation is impaired or almost absent [86] . ERK1/2 activation is also sensitised to insulin in adipocytes from humans fed a highenergy diet, potentially contributing to the adaptive expansion of adipose tissue [119] . Compatible with this, mice lacking ERK1 exhibit decreased white adipose mass [86] , and greater sensitivity to insulin than control mice during high-fat feeding. Potentially contributing to the latter finding, ERK1/2 can promote lipolysis and NEFA-mediated insulin resistance, both by downregulating adipocyte perilipin [120] and activating hormone-sensitive lipase [121] .
In mouse liver, knockout of Gab1 or Ptpn11 (encoding an IRS-like adaptor protein or SHP2, respectively) dramatically reduces insulin-stimulated ERK1/2 activity, while increasing IRS1 tyrosine phosphorylation and systemic insulin sensitivity [25, 122] . However, the effects of Ptpn11 deletion might be due to improved tyrosine phosphorylation of IRS, rather than diminished ERK1/2 activity. Interestingly, in Ptpn11 knockout liver, insulin-stimulated IRS1 phospho-S307 (hS312) increases, contrary to the inhibitory function of S307 phosphorylation in cultured cells [25] . In Gab1 knockout liver, insulin-stimulated IRS1 phospho-S612 (hS616) is clearly decreased [122] . Impaired feedback phosphorylation of S612 (presumably by ERK1/2) is also seen in muscle of Grb2 +/− heterozygous mice, in conjunction with increased AKT activation [123] . Conversely, increased ERK1/2 phosphorylation of mS612/hS616 is associated with angiotensin II-mediated impairment of endothelial nitric oxide synthase activation (by AKT) in vascular endothelial cells [124] . Knockdown of Grb2 expression in C2C12 muscle cells decreases both S612 (hS616) and S632 (hS636) phosphorylation [123] . Consistent with a pathological effect of ERK-dependent IRS1 phosphorylation, hS636 phosphorylation is elevated in muscle cells from type 2 diabetic individuals, and this is reduced by chemical inhibition of ERK1/2 activity [91] .
ROCK1 Activity of the ROCK1 S/T kinase correlates positively with insulin sensitivity in cells and animals. Inhibition of ROCK1 in cell and muscle cultures reduces insulin-stimulated IRS1 tyrosine phosphorylation, PI3K activity and glucose uptake, and similar effects are achieved by ROCK1 inhibition in mice [71] . ROCK1 can phosphorylate IRS1 in vitro on the S632/635 pair (hS636/639), as well as mS932 and mS968. Insulin-stimulated phosphorylation of S632/635 (assayed by a single antibody) is decreased by ROCK1 inhibition or knockdown, or by expression of dominant-negative ROCK1 [71] . Surprisingly-given the apparent involvement of phospho-S632 (hS636) in desensitisation of insulin signalling [53, 91] -double mutation of S632/ 635 to alanine in CHO cells reduces IRS1 tyrosine phosphorylation and PI3K binding [71] . Some data suggest that ROCK1 inhibits, rather than promotes, IRS signalling [125] , and it has not been demonstrated whether phosphomimetic mutation of mS632 and mS635 can overcome the negative effects of ROCK1 inhibition/knockdown. Regardless, Rock1 knockout mice exhibit insulin resistance with impaired muscle insulin signalling, including decreased insulin-stimulated S632/5 phosphorylation [72] . Insulin-stimulated ROCK1 activity is also decreased in muscle of obese diabetic humans, in conjunction with upregulation of its kinase inhibitor RhoE [88] . Thus, RhoE or other negative regulators of ROCK1 might be suitable targets for the treatment of insulin resistance in diabetes.
GRK2 Also known as β-adrenergic receptor kinase-1 or βARK1, GRK2 provides a link between altered vascular/ tissue physiology in insulin resistance and impaired IRS signalling. GRK2 is a ubiquitously expressed kinase involved in termination of G protein-coupled receptor (GPCR) signalling, including that mediated by endothelin-1 (ET-1) and β-adrenergic receptors [89, 126] . Phosphorylation of activated GPCRs by GRK family kinases desensitises their signalling by recruiting arrestins that uncouple G protein effectors and promote GPCR internalisation. GRK2 can additionally interfere directly with Gα q/11 -mediated signalling via its RGS (regulator of G protein signalling) domain/GAP activity [127] . Increased plasma concentration of the vasoconstrictive ET-1 polypeptide is associated with insulin resistance and/or hypertension [128, 129] , which is, in turn, promoted by direct and indirect (sympathoadrenal and angiotensin IIdependent) effects of compensatory hyperinsulinaemia to cause sodium retention (reviewed in [130] ). The correlation between excessive β-adrenergic activity and insulin resistance has long been noted [131] . While tissue GRK2 levels have been correlated with plasma norepinephrine/epinephrine levels [132] , GRK2 can be upregulated in cultured cells by chronic insulin [89, 90] , potentially as a result of PI3K-dependent stabilisation of GRK2 [133] . Thus, both local/circulating GPCR ligands associated with insulin resistance/ hyperinsulinaemia, and insulin itself, contribute to the high GRK2 levels observed in insulin-resistant rodent/human tissues [90] . In this light, it is notable that increased expression of type 1 angiotensin II receptors, promoted by experimental hyperinsulinaemia, correlates with increased IRS1 phosphorylation on mS369 [134] .
In 3TL1 adipocytes, the IR phosphorylates Gα q/11 to promote CDC42-mediated activation of PI3K-and GLUT4-dependent glucose uptake [135] . ET-1 treatment of these cells reduces GLUT4 translocation, both by GRK2 kinase-independent effects on Gα q/11 (or IR), and by decreasing the level and tyrosine phosphorylation of IRS1 [126] . ET-1 also stimulates phosphorylation of mS612/hS616 on IRS1, and both this phosphorylation and the impairment of GLUT4 translocation by ET-1 are blocked by overexpression of kinase-dead GRK2 [126] . Similarly, insulin-stimulated glucose uptake in HEK293 cells is impaired by overexpression of the β 2 -adrenergic receptor, which, like insulin, drives increased production of GRK2 [89] . Insulin stimulation rapidly disrupts basal GRK2-IRS1 interaction [90] , but excess GRK2 produced during prolonged insulin stimulation becomes progressively bound to IRS1 [89] . In FL83B mouse liver cells, glycogen synthesis is upregulated by GRK2 knockdown, and this is associated with decreased basal and insulin-stimulated IRS1 S307 (hS312) phosphorylation [136] . However, S307 is apparently not directly phosphorylated by GRK2 in ET-1-treated 3T3 cells [126] . Heterozygous mice lacking one copy of the gene encoding GRK2 show enhanced insulin sensitivity and do not develop insulin resistance from TNFα, ageing or high-fat diet challenge [90] . Importantly, and consistent with these data, GRK2-interfering peptides improve insulin sensitivity in diabetic animal models [137] ; thus, GRK2 is a potential target for the treatment of insulin resistance.
GSK3
In either its α or β isoform, GSK3 is not an insulindependent kinase, but an insulin-regulated one. Its inhibition by AKT means that GSK3 regulation of IRS is important in the basal, rather than insulin-stimulated, state (Fig. 1a) . Basal IRS1 phosphorylation by GSK3-investigated via dephosphorylation and re-phosphorylation with purified GSK3β-can inhibit IRS1 tyrosine phosphorylation in vitro by IR [138] . (However, dephosphorylation of basally present phospho-S/Ts is itself inhibitory vs no dephosphorylation [138] .) Serine residues phosphorylated by GSK3 are typically primed by phosphorylation at a nearby site (SXXXS motif), and mutation of both S332 and S336 of IRS1 (hS337, hS341) to alanine enhances both basal and insulin-stimulated tyrosine phosphorylation of IRS1, as well as insulin-stimulated AKT activation in cultured cells [139] .
Comparison of knock-in mice with constitutively active GSK3 isoforms (α, β, or α and β) demonstrates the predominance of GSK3β in muscle, yet none of these mice show impaired AKT activation or become diabetic [140] . Hence, it seems unlikely that increased GSK3 protein/activity has the potential to significantly dysregulate IRS in diabetes.
AMP-activated protein kinase and salt-inducible kinase 2 AMP-activated protein kinase (AMPK) activity is stimulated by cellular energy deprivation, and so is inversely correlated with AKT activation and ATP production by glycolysis. Placement of serum-starved HEK293 cells into serum/glucose-free medium rapidly activates AMPK phosphorylation of IRS1 on mS789/hS794, and mutation of this residue blocks the impairment of insulin-stimulated AKT activation caused by glucose deprivation [141] . However, the elevated S789 phosphorylation seen in the liver of obese rats is apparently not due to AMPK [142] . The SNF1/ AMPK family kinase known as salt-inducible kinase 2 (SIK2) is upregulated in adipose tissue of obese db/db mice, and can also phosphorylate S789 of IRS1 when coexpressed in cells [143] . However, SIK2 kinase activity is positively regulated by insulin via phosphorylation by AKT2 [144] , suggesting an autologous feedback role in the regulation of IRS. Interestingly, treatment of C2C12 muscle cells with the AMPK agonist 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) has an additive effect, with insulin, to promote IRS1-associated PI3K activity [145] . However, because this could be due to causes other than S789 phosphorylation, the true effect of phospho-S789 on IRS1 in vivo remains somewhat unclear.
Dysregulation of IRS by heterologous S/T kinase pathways in type 2 diabetes
Despite the existence of numerous insulin-regulated control loops, IRS signalling in metabolic disease is not homeostatic. This is likely due to the continued input of hyperinsulinaemia and partially insulin-independent feedback pathways. As a further complication, lipid and inflammatory signals-which are, at base, potentiated by insulin-can 'hijack' the normal insulin regulation of IRS via S/T phosphorylation of the same and additional sites [6] (Fig. 3) .
Novel PKCs (PKCθ, ε and δ) Insulin-driven TAG synthesis, together with impaired prandial repression of adipocyte lipolysis, causes significant dyslipidaemic effects in type 2 diabetes. These include the increased delivery of fatty acids to, and TAG deposition within, non-adipose tissues (e.g. intramyocellular TAG , hepatosteatosis) (reviewed in [74] ). Rodent and human studies validate the contribution of dyslipidaemia to skeletal muscle and liver insulin resistance via diacylglycerol-mediated activation of nPKCs, including PKCθ [65, 146, 147] , PKCδ [148] and PKCε [149, 150] (reviewed in [74, 94] ). Diabetic skeletal muscle and liver tissues are characterised by increased PKCθ and PKCε levels, respectively [151, 152] .
Intramyocellular diacylglycerol can be generated in humans and rodents by normal phospholipid metabolism or, experimentally, by the infusion of TAG emulsions plus heparin to activate tissue lipase [153] . In rats, the induction of high plasma NEFA concentrations (~3 mmol/l) by this method impairs clamp-stimulated muscle IRS1 tyrosine phosphorylation and PI3K activity, glucose transport/oxidation, and glycogen synthesis, while increasing membrane PKCθ activity [153] . Lipid infusion in humans can also activate muscle PKCδ and (canonical) PKCβ 2 [154] . Diverse mechanisms may underlie insulin resistance in different lipid infusion protocols, depending on the concentration of NEFA achieved. Regardless, moderate lipid infusion in mice (~1.5 mmol/l NEFA) impairs muscle IRS1 tyrosine phosphorylation, PI3K activity and glucose disposal, and these effects are lost in Prkcq (PKCθ) knockout mice [147] . Infusion-mediated induction of somewhat higher NEFA levels causes insulin resistance in rats, accompanied by elevated muscle IRS1 S307 (hS312) phosphorylation [146] . Nevertheless, PKCθ is not a proline-directed kinase, and phospho-S307 is not diminished in muscle of lipidinfused Prkcq knockout mice. In contrast, PKCθ directly phosphorylates IRS1 on hS1101/mS1097, and mutation of this residue protects against PKCθ-mediated desensitisation of insulin resistance in CHO cells [65] .
Kahn and colleagues [148] analysed levels of the various PKCs in liver from non-obese and obese mice, identifying upregulation of PKCδ in insulin-resistant C57BL6 mice. Liver-specific or global knockout of Prkcd (which encodes PKCδ) enhances liver insulin sensitivity and signalling, improves glucose tolerance, and reduces age-dependent hepatosteatosis [148] . Prkcd knockout liver shows decreased IRS1 S307 (hS312) phosphorylation; however, it is unclear (see above) whether aPKCs directly phosphorylate S307 in vivo. In contrast, decreased S612 (hS616) phosphorylation in Prkcd knockout liver likely reflects its targeting by PKCδ [148] . Mutation of S612 is sufficient to protect HEK293 cells against the desensitisation of insulin signalling by phorbol 12-myristate 13-acetate (PMA)-activated novel and conventional PKC (cPKC) isoforms [155] . PKCδ can phosphorylate IRS1 in vitro on at least 18 S/T, reducing its tyrosine phosphorylation by IR [156] . However, S302, S318 and S570 (hS307, hS323, hS574) are the major sites, and mutation of these residues alleviates inhibition of IRS1 tyrosine phosphorylation by IR in vitro [156] . Similarly, mutation of S408 or S357 (hS413, hS362) at least partially blocks the desensitisation of insulin signalling by PKC pathways in PMA-treated cells [157, 158] .
Conventional PKCs (PKCα, PKCβ) In mouse muscle and adipose tissues, knockout of Prkca (encoding PKCα) enhances IRS1/PIK3→AKT and aPKC signalling, as well as glucose transport [159] . The IRS1 PH domain can bind to and be phosphorylated by PKCα on S24; however, phospho-S24 is not observed during chronic insulin stimulation [29] . PKCα in rodent muscle associates basally with IRS1; insulin transiently disrupts this interaction while increasing PKCα association with AKT [160] . In contrast, prolonged insulin stimulation in cultured cells can increase PKCα binding to IRS1 in complex with 14-3-3ε [161] . PKCβ 2 can phosphorylate IRS1 on mS336/hS341 in vitro, suggesting it is a priming kinase for GSK3 phosphorylation of IRS1 [162] . Either PKCα or PKCβ can, further, promote IRS1 S307 and S612 (hS312, S616) phosphorylation in PMA-treated cells [29] . Knockout of the gene encoding PKCβ protects mice against high-fat diet induced obesity, insulin resistance, and hepatosteatosis, but might do so independently of effects on IRS [163] .
IKKβ and JNK Impaired glucose uptake and/or insulin resistance within adipose tissue can contribute to the development of type 2 diabetes [164] , likely by altering its secretion of adipokines, such as adiponectin or retinolbinding protein 4 (reviewed in [165] ). Additionally, the expanded adipose compartment in diabetes/obesity produces pro-inflammatory cytokines such as TNFα and IL1β that can contribute to insulin resistance systemically (reviewed in [79] ). These and other stress factors associated with insulin-resistant obesity-including AGEs, vascular glucotoxicity, and liver and adipose tissue endoplasmic reticulum stress-can each contribute to activation of IKKβ and/or JNK (reviewed in [37] ). Thus, insulin resistance caused by IKKβ and JNK depends on their cumulative influence on diverse cellular and non-cell-autonomous processes (including immune activation), a fact made clear by analyses of knockout mice lacking JNK1 and/or JNK2 in different tissues (reviewed in [166] ).
In contrast with genetic loss of IKKβ or JNK, the treatment of cells/animals with TNFα offers a straightforward model for understanding the connection between adipose inflammation and impaired insulin sensitivity. Type 2 diabetic individuals exhibit increased circulating, adipose and skeletal muscle TNFα concentrations [34] , and infusion or treatment with TNFα causes insulin resistance in healthy humans or their cultured muscle cells [34, 35] . TNFα activates multiple kinases in muscle, including S6K, ERK1/2, IKKβ and the IRS1 mS307/hS312 kinase JNK1; however, muscle hS312 phosphorylation is not significantly elevated by TNFα infusion prior to the period in which TNFα causes reduced IRS1 tyrosine phosphorylation and insulin resistance [34] . In contrast, S636/9 (mS632/5) phosphorylation is significantly increased in TNFα-infused humans [34] . In addition, it should be noted that anti-sense knockdown of IKKβ expression in cultured human myotubes does not prevent TNFα-stimulated phosphorylation of IRS1 S312, although it does prevent insulin resistance [35] .
IKKβ and JNK are among the few non-AGC family kinases implicated in the dysregulation of IRS, and little direct evidence exists that they phosphorylate IRS, other than at IRS1 S307 (hS312) [39] and S302 (hS307) [43] in cultured cells. JNK, but not IKKβ, can directly phosphorylate S302 and S307 of rodent IRS1 in yeast cells [43] . In contrast, in mammalian cells, IKKβ physically associates with IRS1, and its TNFα-stimulated activity correlates with phosphorylation of mS307/hS312-consistent with IKKβ phosphorylation of this residue in vitro [167] . Nevertheless, the expression of a mutant IRS1 protein (mS265/302/325/ 336/358/407/408A) that retains the possibility of phosphorylation at mS307 can block desensitisation of insulin signalling by activated IKKβ in Fao cells [45] . In 3T3L1 cells, TNFα-stimulated phosphorylation of mS307 is dependent upon the interaction of IRS1 with the NEMO/IKKγ subunit of the IĸB kinase complex, promoted by the actin-directed motor protein MYO1C [168] . Phosphorylation of mS307 by insulin and TNFα is additive in these cells, indicating a possible role of IKKβ and/or JNK in feedback phosphorylation of IRS and desensitisation of insulin signalling. Although mechanisms have been described by which insulin might activate JNK, it is not clear to what degree these are operant in healthy tissue [37] . Moreover, although IKKβ can be activated by insulin (via a PI3K-dependent path), neither IKKβ inhibition nor genetic loss of IKKβ potentiates insulin signalling [169] . Furthermore, overexpression of IKKβ in 3T3L1 adipocytes does not impair IRS1 tyrosine phosphorylation/PI3K activity or glucose uptake [169] .
Manipulation of IRS S/T phosphorylation in mice
To our knowledge, two studies have directly investigated the function of IRS1 S/T phosphorylation in mice using transgenesis or genetic knock-in to augment or replace endogenous (wild-type) IRS1 with a mutant version. Shulman and colleagues created transgenic mice with moderate overexpression in skeletal muscle (~twofold vs littermates) of nonmutant IRS1, or mutant IRS1 with alanine substitution of three serine residues-S302/307/612A (hS307/312/ 616A)-to block phosphorylation [170] . Thus, in the triple-mutant transgenic mice, possibly half the total IRS1 protein was endogenous in origin. Matching of IRS1 protein levels is a potentially important consideration given the role of autologous feedback in cultured cells; nonetheless, the mutant transgenic mice showed better glucose tolerance than non-mutant transgenic mice when both were fed a high-fat diet. Compared on a high-fat diet with true wildtype littermates, the mutant transgenic mice showed increased total and muscle glucose disposal during a hyperinsulinemic-euglycemic clamp, and enhanced muscle IRS1 tyrosine phosphorylation and p85 binding in response to insulin. Though somewhat complicated in design, this experiment is consistent with the notion that S/T phosphorylation of IRS in skeletal muscle contributes to the development of insulin resistance in animals/humans.
In contrast, we used genetic knock-in to replace wildtype IRS1 in mice with a mutant form (S307A, 'A') lacking the ability to be phosphorylated at S307 (hS312) [171] . To control for potential ancillary effects of the knock-in process on IRS1 production/function [172] , non-mutant control knock-in mice were also generated (S307S, 'S'). Surprisingly, given the sensitising effect of the S307A mutation in cell-based assays, homozygous A/A mice show increased fasting insulin vs S/S controls, as well as mild glucose intolerance. Furthermore, high-fat-fed A/A mice exhibit higher fasting insulin and more severe glucose intolerance than wild-type mice, and the A307 IRS1 protein exhibits decreased PI3K binding in insulin-stimulated primary hepatocytes. Thus, S307 phosphorylation appears permissive, rather than inhibitory, for insulin signalling in mice. But why is this? Possibly, a serine is structurally required at position 307 of the IRS1 protein for its normal function. Alternatively, S307 phosphorylation could have a partial positive effect on insulin signal transduction that is more important in tissues/primary cells than its desensitising function in continuous cell lines. By analogy with JNK1 activity, IRS1 S307 phosphorylation could also have mixed, tissuespecific effects that are obscured by the standard knock-in approach [166] . In any case, the phenotype of S307A mice confirms that (non)-phosphorylation of unique S/T sites on IRS1 can affect whole-body insulin sensitivity.
Perspective
The investigation of IRS1 phospho-S/T provides evidence of a highly regulated signalling process. While additional mechanisms clearly contribute, current data suggest that the desensitisation of proximal insulin signalling by IRS S/T phosphorylation plays a significant role in the pathogenesis of human insulin resistance. Nonetheless, a complete understanding of the links between S/T phosphorylation and insulin resistance remains challenging. The large number of known and potential phospho-S/T on IRS makes it difficult to determine their overall patterns in human/animal tissues. Although MS analysis has remedied this situation somewhat, an expanded collection of phospho-specific antibodies might prove advantageous for discerning the co-phosphorylation of disparate S/T. There is also very little knowledge of the structure of the IRS proteins outside their amino termini. This apparent lack of structure is compatible with a mass action effect of S/T phosphorylation in the regulation of IRS. However, as reviewed herein and elsewhere [5, 6] , unique phospho-S/T on IRS1 can have negative (or positive) effects on insulin signalling that are currently unexplainable in either structural terms or by a requirement for multiple phosphorylation. We suggest that, collectively, these problems call for the simultaneous quantitative assay of IRS phosphorylation at many S/T in healthy and diseased tissues, coupled with a continued reductive approach to address IRS S/T function in mutant cells, tissues or mice. Regardless of whether IRS constitute drugable targets for the treatment of insulin resistance, a more complete understanding of the S/T phosphorylation patterns that govern their signalling will continue to help delineate the pathophysiological processes that contribute to insulin resistance and diabetes.
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